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(54) Semiconductor element and semiconductor memory device using the same 



(57) A semiconductor element comprising a chan- 
nel (21 ), a semiconductor region (24) disposed over said 
channel and isolated from said channel by a first insu- 
lator formed between the semiconductor region and the 
channel, and a gate electrode (22) disposed over said 
semiconductor region and isolated from said channel by 
said semiconductor region, wherein the distance be- 
tween said semiconductor region and said gate elec- 



trode is larger than the distance between said channel 
region and said semiconductor region; and said semi- 
conductor region in an X-axis direction is smaller in 
length than said channel and said gate electrode in an 
X-axis direction, where the direction of an alignment be- 
tween a source and said gate electrode is assumed as 
an X-axis and the orthogonal direction thereof is as- 
sumed as a Y-axis. 
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Description 

BACKGROUND OF THE INVENTION 

[0001] The present invention relates to a semiconduc- 
tor element suited for integration with a high density and 
a semiconductor memory device implemented by using 
the same. 

[0002] Heretofore, polycrystalline silicon transistors 
have been used as elements for constituting a static ran- 
dom access memory device (referred to as SRAM in ab- 
breviation). One of the relevant prior art techniques is 
described in T. Yamanaka et al: IEEE International Elec- 
tron Device Meeting, pp. 477-480 (1 990). By making the 
most of polycrystalline silicon transistors, integration 
density of the integrated circuit can be enhanced, the 
reason for which can be explained by the fact that the 
polycrystalline silicon transistor can be formed in stack 
or lamination atop a conventional bulk MOSFET (Metal- 
Oxide Semiconductor Field Effect Transistor) formed on 
a surface of a semiconductor substrate with an insula- 
tion film being interposed between the polycrystalline 
silicon transistor and the bulk MOSFET. In the SRAM, 
implementation of a memory cell for one bit requires four 
bulk MOSFETs and two polycrystalline silicon transis- 
tors. However, because the polycrystalline silicon tran- 
sistors can be stacked atop the bulk MOSFETs, a single 
memory cell of the SRAM can be implemented with an 
area which substantially corresponds to that required for 
the bulk MOSFETs. 

[0003] As another preceding technique related to the 
invention, there may be mentioned a single-electron 
memory described in K. Nakazato et al: Electronics Let- 
ters, Vol. 29, No. 4, pp. 384-385 (1993). It is reported 
that a memory could have been realized by controlling 
electron on a one-by-one basis. It is however noted that 
the operation temperature is as very low as on the order 
of 30 mK. 

[0004] As a further prior art technique related to the 
invention, there may be mentioned one which is directed 
to the study of RTN (Random Telegraph Noise) of MOS- 
FET, as is disclosed in F. Fang et al: 1990 Symposium 
on VLSI Technology, pp. 37-38 (1990). More specifically, 
when a drain current of a MOSFET is measured for a 
predetermined time under the constant-voltage condi- 
tion, there makes appearance such phenomenon that 
state transition takes place at random between a high- 
current state and a low-current state. This phenomenon 
is referred to as the RTN, a cause for which can be ex- 
plained by the capture or entrapping of a single electron 
In a level node existing at an interface between silicon 
(Si) and silicon oxide (Si0 2 ) and the release therefrom, 
whereby the drain current undergoes variations. How- 
ever, the RTN remains only as a subject for a fundamen- 
tal study concerning the current noise in the MOSFET, 
and any attempt or approach for positively making use 
of the RTN in practical applications has not been report- 
ed yet at all. 



[0005] At present, the technology for processing a 
semiconductor integrated circuit with high fineness has 
developed up to such a level where any attempt for re- 
alization of higher fineness will encounter difficulty. Even 
5 if it is possible technologically, there will then arise a 
problem that intolerably high cost is involved due to the 
necessity for much sophisticated technique. Under the 
circumstances, a great demand exists for a fundamen- 
tally novel method of enhancing the integration density 
in the fabrication of semiconductor integrated circuits in- 
stead of relying on a method of implementing the sem- 
iconductor elements constituting the semiconductor in- 
tegrated circuit simply by increasing the fineness there- 
of. 

[0006] On the other hand, the polycrystalline silicon 
transistor known heretofore is basically equivalent to a 
variable resistor element in the respect that resistance 
between a source and a drain of the polycrystalline sil- 
icon transistor can be controlled by a gate voltage. Con- 
sequently, implementation of a memory cell of a SRAM 
requires as many as six semiconductor elements inclu- 
sive of the conventional MOSFETs formed in a silicon 
substrate. 

[0007] By contrast, in the case of a DRAM (Dynamic 
Random Access Memory), information or data of one bit 
can be stored in a memory cell constituted by one MOS- 
FET and one capacitor. For this reason, the DRAM en- 
joys reputation as a RAM device susceptible to imple- 
mentation with the highest integration density. However, 
because the DRAM is based on such a scheme that 
electric charge is read out onto a data wire of which ca- 
pacitance is non-negligible, the memory cell thereof is 
required to have capacitance on the order of several ten 
fF (femto-Farads), which thus provides a great obstacle 
to an attempt for further increasing fineness in imple- 
mentation of the memory cells. 
[0008] By the way, it is also known that a nonvolatile 
memory device such as a flash EEPROM (Electrically 
Erasable and Programmable Read-Only Memory) can 
be realized by employing MOSFETs each having a float- 
ing gate and a control gate. Further, as a semiconductor 
element for such a nonvolatile memory device, there is 
known MNOS (Metal Nitride Oxide Semiconductor) el- 
ement. The MNOS is designed to store charge at inter- 
face between a Si0 2 -film and a Si 3 N 4 -fiIm instead of the 
floating gate of the flash EEPROM. Although the use of 
the MOSFET equipped with the floating gate or the 
MNOS element is certainly advantageous in that one- 
bit data can be held or stored by one transistor over an 
extended time span, a lot of time is required for the re- 
writing operation because a current to this end has to 
flow through the insulation film, whereby the number of 
times the rewriting operation can be performed is limited 
to about 100 millions, which in turn gives rise to a prob- 
lem that limitation is imposed to the applications which 
the nonvolatile memory device can find. 
[0009] On the other hand, the one-electron memory 
device discussed in the Nakazato et al's article men- 
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tioned hereinbefore can operate only at a temperature 
of cryogenic level, presenting thus a problem which is 
very difficult to cope with in practice. Besides, a cell of 
the single-electron memory is comprised of one capac- 
itor and two active elements, which means that a 
number of the elements as required exceeds that of the 
conventional DRAM, to a further disadvantage. 
[001 0J As will be appreciated from the forgoing, there 
exists a great demand for a semiconductor element 
which requires no capacitance elements, differing from 
that for the DRAM and which can exhibit stored function 
by itself in order to implement a memory of higher inte- 
gration density than the conventional one without resort- 
ing to the technique for implementing the memory with 
higher fineness. 

SUMMARY OF THE INVENTION 

[0011] In the light of the state of the art described 
above, it is an object of the present invention to provide 
an epoch-making semiconductor element which allows 
a semiconductor memory device to be implemented 
with a lesser number of semiconductor elements and a 
smaller area and which per se has data or information 
storing capability while requiring no cooling at a low tem- 
perature such as cryogenic level. 
[0012] Another object of the present invention is to 
provide a semiconductor memory device which can be 
implemented by using the semiconductor elements 
mentioned above. 

[001 3] A further object of the invention is to provide a 
data processing apparatus which includes as a storage 
the semiconductor memory device mentioned above. 
[0014] For achieving the above and other objects 
which will become apparent as description proceeds, it 
is taught according to a basic technical concept under- 
lying the invention that capacitance between a gate and 
a channel of a semiconductor field-effect transistor ele- 
ment is set so small that capture of a single carrier (elec- 
tron or hole) by a trap level can definitely and discrimi- 
nately detected as a change in the current of the semi- 
conductor field-effect transistor element. More specifi- 
cally, correspondences are established between chang- 
es in a threshold value of the semiconductor field-effect 
transistor element as brought about by capture of a car- 
rier in the trap and releasing therefrom and digital values 
of logic "1" and "0", to thereby impart to the semicon- 
ductor field-effect transistor element a function or capa- 
bility for storing data or information even at a room tem- 
perature. 

[001 5] Thus, according to a first aspect of the present 
invention in its most general sense thereof, there is pro- 
vided a semiconductor element which includes a source 
region constituting a source of the semiconductor ele- 
ment, a drain region constituting a drain of the semicon- 
ductor element, an effective channel region provided 
between the source region and the drain region for in- 
terconnection thereof, a gate electrode connected to the 



channel region through a gate insulation film interposed 
between the gate electrode and the channel region, and 
a level node formed between the source region and the 
drain region in the vicinity of a current path in the channel 
5 region for capturing at least one carrier, wherein effec- 
tive capacitance (which will be elucidated later on) be- 
tween the gate electrode and the effective channel re- 
gion is set so small as to satisfy a condition given by the 
following inequality expression: 

10 

1/C gc > KT/q 2 

where C gc represents the effective capacitance, k rep- 
15 resents Boltzmann's constant, T represents an operat- 
ing temperature in degree Kelvin, and g represents 
charge of an electron (refer to Figs. 1A - 1D). 
[0016] According to another aspect of the present in- 
vention, there is provided a semiconductor element 
which includes a source region and a drain region con- 
nected to the source region through a channel region 
interposed therebetween, a gate electrode connected 
to the channel region through a gate insulation film in- 
terposed between the gate electrode and the channel 
region, at least one carrier confinement region formed 
in the vicinity of the channel region for confining a car- 
rier, and a potential barrier existing between the carrier 
confinement region and the channel region, wherein ef- 
fective capacitance between the gate electrode and the 
effective channel region is set so small as to satisfy a 
condition given by the following inequality expression: 

1/C gc > kT/q 2 

where C gc represents the effective capacitance, k rep- 
resents Boltzmann's constant, T represents an operat- 
ing temperature in degree Kelvin, and g represents 
charge of an electron (refer to Figs. 10A, 10B). 
[0017] According to yet another aspect of the present 
invention, there is provided a semiconductor element 
which includes a source region constituting a source of 
the semiconductor element, a drain region constituting 
a drain of the semiconductor element, the source region 
being connected to the drain region through a channel 
region interposed therebetween, a gate electrode con- 
nected to the channel region through a gate insulation 
film interposed between the gate electrode and the 
channel region, at least one carrier confinement region 
formed in the vicinity of the channel region for confining 
a carrier, and a potential barrier existing between the 
carrier confinement region and the channel region, 
wherein a value of capacitance between the channel re- 
gion and the carrier confinement region is set greater 
than capacitance between the gate electrode and the 
carrier confinement region, and wherein total capaci- 
tance existing around the carrier confinement region is 
so set as to satisfy a condition given by the following 
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inequality expression: 

q 2 /2C tt > kT 

where C tt represents the total capacitance, k represents 
Boltzmann's constant, T represents an operating tem- 
perature in degree Kelvin, and g represents charge of 
an electron (refer to Figs. 10A, 10B). 
[001 8] At this juncture, it is important to note that with 
the phrase "total capacitance (C tt ) means a total sum of 
capacitances existing between the carrier confinement 
region and all the other electrodes than the gate elec- 
trode. 

[0019] In order to increase the number of times the 
semiconductor memory element can be rewritten, it is 
required to suppress to a possible minimum degradation 
of a barrier (insulation film) existing between the channel 
region and the carrier confinement region. 
[0020] In view of the above, there is provided accord- 
ing to a further aspect of the invention a semiconductor 
element which includes a source region constituting a 
source of the semiconductor element, a drain region 
constituting a drain of the semiconductor element, the 
source region being connected to the drain region 
through a channel region interposed therebetween, a 
gate electrode connected to the channel region through 
a gate insulation film interposed between the gate elec- 
trode and the channel region, at least one carrier con- 
finement region formed in the vicinity of the channel re- 
gion for confining a carrier, the confinement region being 
surrounded by a potential barrier, storage of information 
being effectuated by holding a carrier in the carrier con- 
finement region, and a thin film structure having a thick- 
ness not greater than 9 nm and formed of a semicon- 
ductor material in an insulation film intervening between 
the channel region and the carrier confinement region 
(refer to Figs. 17A, 17B). 

[0021] For better understanding of the present inven- 
tion, the underlying principle or concept thereof will have 
to be elucidated in some detail. 
[0022] In a typical mode for carrying out the invention, 
a polycrystalline silicon element (see e.g. Figs. 1 A - 1D) 
is imparted with such characteristic that when potential 
difference between the gate and the source thereof is 
increased and decreased repetitively within a predeter- 
mined range with a drain-source voltage being held con- 
stant, conductance between the source and the drain 
exhibits a hysteresis even at a room temperature (see 
Fig. 2). 

[0023] More specifically, referring to Fig. 2 of the ac- 
companying drawings, when the gate-source voltage is 
swept vertically between a first voltage V g0 (0 volt) and 
a second voltage V g1 (50 volts), the drain current of the 
polycrystalline silicon element exhibits hysteresis char- 
acteristic. This phenomenon has not heretofore been 
known at all but discovered experimentally first by the 
inventors of the present application. The reason why 



such hysteresis characteristic can make appearance 
will be explained below. 

[0024] Fig. 4A shows a band profile in a channel re- 
gion of a semiconductor device shown in Figs. 1A - 1D 
5 in the state where the gate-source voltage V gs is zero 
volt. A drain current flows in the direction perpendicular 
to the plane of the drawing. For convenience of discus- 
sion, it is assumed in the following description that the 
drain-source voltage is sufficiently low when compared 
with the gate voltage, being however understood that 
the observation mentioned below applies equally valid 
even in the case where the drain-source voltage is high. 
[0025] Now referring to Fig. 4A, there is formed in a 
channel (3) of polycrystalline silicon a potential well of 
low energy between a gate oxide film (5) and a periph- 
eral Si0 2 -protection film (10). In this case, energy level 
(1 1 ) of a conduction band in the channel region (3) which 
may be of p-type or of i-type (intrinsic semiconductor 
type) or n-type with a low impurity concentration is suf- 
ficiently high when compared with energy level of a con- 
duction band in a n-type source region of a high impurity 
concentration or Fermi level (12) in a degenerate n-type 
source region of a high impurity concentration. As a con- 
sequence, there exist no electrons within the channel 
(3). Thus, no drain current can flow. 
[0026] Further, a trap level (7) exists in the vicinity of 
the channel (3), which can capture or trap carriers such 
as electrons. As levels which partake in forming the trap 
level, there are conceivable a level extending to a grain 
or a level of group of grains (crystal grains in the channel 
regions of polycrystalline silicon) themselves which are 
surrounded by a high barrier, level internally of the grain, 
level at a Si-Si0 2 interface (i.e., interface between the 
channel region (3) and the gate oxide film (5)), level in- 
side the gate oxide film (5) and others. However, it is of 
no concern which of these levels forms the trap level. 
Parenthetically, even after the experiments conducted 
by the inverters, it can not be ascertained at present by 
which of the aforementioned levels the carriers or elec- 
trons are trapped in actuality. Of the levels mentioned 
above, energy in the trap level (7) which plays a role in 
realizing the hysteresis characteristic mentioned above 
is sufficiently higher than the Fermi level (12) in the 
source region (1). Accordingly, no electrons exist in the 
trap level (7). At this juncture, it should be added that 
although the trap level is shown in Figs. 4A - 4C as ex- 
isting within the gate oxide film, the trap level need not 
exist internally of the oxide film. It is only necessary that 
the trap level exists in the vicinity of the channel. 
[0027] As the potential difference V gs between the 
gate (4) and the source (1) is increased from zero volt 
to the low threshold voltage V f , potential in the channel 
region (3) increases. Consequently, as compared with 
the initial energy level of the channel region (3) in the 
state where the potential difference V gs is zero (refer to 
Fig. 4A), the potential of the channel region (3) for elec- 
trons becomes lower under the condition that the poten- 
tial difference V gs is higher than zero volt and lower than 
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the low threshold voltage V € . When the gate-source po- 
tential difference V gs has attained the low threshold volt- 
age the Fermi level in the source region (1) ap- 
proaches to the energy level in the conduction band of 
the channel region (3) (with a difference of about kT, 5 
where k represents Boltzmann's constant and T repre- 
sents operating temperature in Kelvin). Consequently, 
electrons are introduced into the channel region (3) from 
the source. Thus, a current flow takes place between 
the drain and the source. 

[0028] When the gate voltage is further increased, the 
number of electrons within the channel region (3) in- 
creases correspondingly. However, when the potential 
difference V gs has reached a capture voltage V gl , ener- 
gy of the trap level (7) approaches to the Fermi level 
(12), whereby at least one electron is entrapped or cap- 
tured by the trap level (7) because of distribution of elec- 
trons under the influence of thermal energy of those 
electrons which are introduced from the source region 
(1). At that time, since the level of the trap (7) is suffi- 
ciently lower than potentials of the gate oxide (5) and 
peripheral Si0 2 -protection film (10), the electron cap- 
tured by the trap level (7) is inhibited from migration to 
the gate oxide film (5) and the peripheral Si0 2 -protec- 
tion film due to thermal energy of electron. Besides, be- 
cause a grain boundary of high energy of the polycrys- 
talline silicon channel region (3) exists in the vicinity of 
the trap level (7), for example, at the Si-Si0 2 interface, 
the electron captured by the trap level (7) can not move 
from the trap level (refer to Fig. 4C). However, since the 
other electrons can move, the drain current continues 
to flow. 

[0029] In this way, once a single electron is entrapped 
or captured by the trap level (7), the threshold voltage 
of the polycrystalline silicon semiconductor element 
shown in Figs. 1A - 1D changes from the low threshold 
voltage V € to the high threshold voltage V h , the reason 
for which will be explained below. 
[0030] When the gate-source potential difference V gs 
is lowered from the state shown in Fig. 4C within the 
range of V h < V gs < V g1 , the number of electrons within 
the channel region (3) is decreased. However, in gen- 
eral, a high energy region exists in the periphery of the 
trap level (7). Accordingly, the electron captured by the 
trap level (7) remains as it is (refer to Fig. 5A). 
[0031] When the gate voltage is further lowered to a 
value at which the potential difference V gs attains the 
high threshold voltage V h , the Fermi level (12) of the 
source region (1) becomes different from the energy lev- 
el of the conduction band of the channel (3) by ca. kT, 
as a result of which substantially all of the electrons with- 
in the channel disappear (see Fig. 5B). Consequently, 
the drain current can flow no more. However, the thresh- 
old voltage V h at which no drain current flow becomes 
higher than the low threshold voltage V f by a voltage 
corresponding to the charge of electron captured in the 
trap level (7). 

[0032] Further, by lowering the gate-source potential 



difference V gs to a value where the potential difference 
V gs becomes equal to zero, potential in the peripheral 
high-energy region of the trap level (7) becomes lower 
in accompanying the lowering of the gate voltage, which 
results in that the electron captured by the trap level (7) 
is released to the region of low energy through tunneling 
under the effect of the electric field (refer to Fig. 5C). 
[0033] Subsequently, the gate-source potential differ- 
ence V gs is again increased for the vertical sweeping. 
By repeating this operation, hysteresis can be observed 
in the drain current-versus-gate voltage characteristic 
owing to trapping and release of the electron. 
[0034] In this conjunction, the inventors have discov- 
ered that the hysteresis characteristic mentioned above 
appears only when the capacitance between the gate 
and the channel is small. Incidentally, the experiment 
conducted by the inventors shows that although a sem- 
iconductor element having a gate length and a gate 
width each of 0.1 micron can exhibit the aforementioned 
hysteresis characteristic, a semiconductor element 
whose gate length and gate width are on the order of 1 
(one) micron is incapable of exhibiting such hysteresis 
characteristic. 

[0035] Thus, it must be emphasized that smallness of 
the capacitance C gc between the gate electrode and the 
channel region is indispensable for the aforementioned 
hysteresis characteristic to make appearance, the rea- 
son for which may be explained as follows. There exists 
between an amount of charge Q s stored in the trap level 
and a change AV t (= V h - V f ) in the threshold value or 
voltage the following relation: 

AV t = Q s /C gc (1) 

where C gc represents capacitance between the gate 
and an effective channel. With the phrase "effective 
channel", it is intended to mean a region of the channel 
which restrictively regulates magnitude of a current flow- 
ing therethrough and which corresponds to a region of 
highest potential energy in the current path. Thus, this 
region may also be termed a bottle-neck region. In order 
to make use of the aforementioned hysteresis charac- 
teristic as the memory function, it is necessary that the 
state in which the threshold value is high (V h ) and the 
state where the threshold value is low (V € ) can definitely 
and discriminatively be detected as a change in the 
drain current. In other words, difference between the 
threshold values V h and V € has to be clearly or definitely 
sensed in terms of a difference or change appearing in 
the drain current. The conditions to this end can be de- 
termined in the manner described below. In general, the 
drain current l d of a MOS transistor having a threshold 
value V t can be represented in the vicinity of the thresh- 
old value by the following expression: 
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l d =A-exp[q(V gs -V t )/(kT)] (2) 

where A represents a proportional constant, g repre- 
sents charge of an electron, V gs represents a gate- 5 
source voltage of the MOS transistor, V t represents the 
threshold voltage, k represents Boltzmann's constant 
and T represents an operating temperature in degree 
Kelvin. Thus, when V t = V h , the drain current is given by 

l dh =A-exp[q(V gs -V h )/(kT)] (3) 

while when V t = V € , the drain current is given by 

l d , = A-exp[q(V gs -V,)/(kT)] (4) 

Thus, ratio between the drain currents in the state where 
V t = V h and the state V t = V € can be determined as fol- 
lows: 

l d€ /l dh = exp[q(V h -V € )/(kT)] (5) 

[0036] Thus, it can be appreciated that in order to 
make it possible to discriminate the two states men- 
tioned above from each other on the basis of the drain 
currents as sensed, it is necessary that the drain current 
ratio l d€ /l dh as given by the expression (5) is not smaller 
than the base e (2.7) of natural logarithm at minimum, 
and for the practical purpose, the current ratio of con- 
cern should preferably be greater than "10 M (ten) inclu- 
sive. On the condition that the drain current ratio is not 
smaller than the base e of natural logarithm, the follow- 
ing expression holds true. 

AV t ( = V h -V,)>kT/q (6) 

Thus, from the expression (1), the following condition 
has to be satisfied. 

Q s /C gc > kT/q (7) 

[0037] In order that the capture of a single electron 
can meet the current sense condition mentioned above, 
it is then required that the following condition be satis- 
fied. 

q/C gc > kT/q (8) 

[0038] From the above expression (8), it is apparent 
that in order to enable operation at a room temperature, 
the gate-channel capacitance C gc should not exceed 6 



aF (where a is an abbreviation of "arto-" meaning 10 18 ). 
Incidentally, in the case of the semiconductor element 
having the gate length on the order of 1 micron, the gate- 
channel capacitance C gc will amount to about 1 fF 
(where f is an abbreviation of "femto-" meaning 10* 15 ) 
and deviate considerably from the above-mentioned 
condition. By contrast, in the case of a semiconductor 
element fabricated by incarnating the teaching of the in- 
vention, the gate-channel capacitance C gc is as ex- 
tremely small as on the order of 0.01 aF, and it has thus 
been ascertained that a shift in the threshold value 
which can be sensed is brought about by the capture of 
only a single even electron at a room temperature. 
[0039] Further, in the course of the experiment, the 
inventors have found that by holding the gate-source po- 
tential difference V gs between zero volt and the voltage 
level V g1 , the immediately preceding threshold value 
can be held stably over one hour or more. Fig. 3 of the 
accompanying drawing shows the result of this experi- 
ment. More specifically, Fig. 3 illustrates changes in the 
drain current as measured under the condition indicated 
by a in Fig. 2 while holding the gate voltage to be con- 
stant. As can be seen in the figure, in the state of low 
threshold value, a high current level can be held, while 
in the state of high threshold value, a low current level 
can be held. Thus, by making use of the shift of the 
threshold value, it is possible to hold information or data, 
i.e., to store information or data, to say in another way. 
Further, by sensing the drain current in these states, it 
is possible to read out the data. Namely, the state in 
which the drain current is smaller than a reference value 
13 may be read out as logic "1" data, while the state in 
which the drain current is greater than the reference val- 
ue (13) may be read out as logic "0" (refer to Fig. 3). 
[0040] On the other hand, data write operation can be 
effectuated by controlling the gate voltage. Now, de- 
scription will be directed to the data write operation. It is 
assumed that in the initial state, the gate voltage is at 
the low level V g0 . By sweeping the gate voltage in the 
positive direction to the level V g1 the threshold voltage 
at is set the high level V h . With this operation, logic "1" 
of digital data can be written in the semiconductor ele- 
ment according to the invention. Subsequently, the gate 
voltage is swept in the negative direction to the zero volt 
level to thereby change the threshold voltage to the low 
level V € . In this way, logic "0" of digital data can be writ- 
ten. 

[0041] As will now be understood from the foregoing 
description, it is possible to write, hold and read the data 
or information only with a single semiconductor element. 
This means that a memory device can be implemented 
with a significantly smaller number of semiconductor el- 
ements per unit area when compared with the conven- 
tional memory device. 

[0042] The semiconductor element according to the 
invention in which data storage is realized by capturing 
or entrapping only a few electrons in a storage node 
(which may also be referred to as the carrier confine- 
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ment region or level node or carrier trap or carrier con- 
finement trap, quantum confinement region or the like 
terms) can enjoy an advantage that no restriction is im- 
posed on the number of times the data can be rewritten 
due to deterioration of the insulation film as encountered 
in a floating-gate MOSFET or restriction, if imposed, is 
relatively gentle. 

[0043] It is however noted that in the case of the mode 
illustrated in Figs. 1A - 1D for carrying out the invention, 
relative positional relationship (i.e., relative distance) 
between the carrier trap level serving for the carrier con- 
finement and the effective channel region serving as the 
current path is rather difficult to fix, involving non-ignor- 
able dispersions of the threshold value change charac- 
teristic among the elements as fabricated. 
[0044] As one of the measures for coping with the dif- 
ficulty mentioned above, there is proposed another 
mode for carrying out the invention such as one illustrat- 
ed in Figs. 10A and 10B of the accompanying drawings 
in which the carrier confinement region (24) surrounded 
by a potential barrier is provided independently in the 
vicinity of a channel region (21). With this structure, the 
dispersion mentioned above can be reduced. 
[0045] From the stand point of performance stability 
of the semiconductor element, it is preferred that disper- 
sion of the voltage difference AV t between the high 
threshold voltage V h and the low threshold voltage V € 
among the semiconductor elements as fabricated 
should be suppressed to a possible minimum. 
[0046] Certainly, the condition given by the expres- 
sion (1) can apply valid when the capacitance C gt be- 
tween the gate region and the carrier confinement re- 
gion as well as the capacitance C between the carrier 
confinement region and the channel region is sufficiently 
small. In the other cases than the above, the condition 
given by the following expression applies valid: 

AV t = q/(1 + C gt /C)C gc (9) 

where C gc represents capacitance between the gate re- 
gion (22) and the channel region (21), represents 
capacitance between the carrier confinement region 
(24) and the channel (21). 

[0047] In conjunction with the mode shown in Figs. 1 A 
- 1D for carrying out the invention, the inventors have 
found that the term C representing the capacitance be- 
tween the carrier confinement region and the channel 
region in the expression (9) is most susceptible to the 
dispersion because the carrier confinement region is so 
implemented as to assume the carrier trap level. In order 
that the potential difference AV t mentioned above 
scarcely undergoes variation notwithstanding of varia- 
tion in the capacitance C between the carrier confine- 
ment region and the channel region, the capacitance C gt 
between the gate electrode and the channel region must 
be sufficiently smaller than the capacitance C (i.e., C gl 



<C). 

[0048] Thus, according to another preferred mode for 
carrying out the invention, it is proposed to set at a small 
value the capacitance C gt between the gate electrode 

5 (22) and the carrier confinement region (24) by interpos- 
ing a gate insulation film (23) of a great thickness while 
setting at a large value the capacitance C between the 
carrier confinement region (24) and the channel region 
(21) by interposing therebetween an insulation film (25) 

to of a small thickness. 

[0049] On the other hand, in conjunction with the hold- 
ing of data in the carrier confinement region (24), it is 
necessary to ensure stability against thermal fluctua- 
tions. At this juncture, let's represent by C tt the total ca- 

15 pacitance existing between the carrier confinement re- 
gion and all the other regions. In general, in the absolute 
temperature (T) system, energy fluctuation on the order 
of kT (where k represents Boltzmann's constant and T 
represents temperature in degree Kelvin) will be una- 

20 voidable. Accordingly, in order to hold the data stably, it 
is required that change of energy given by q 2 /2C tt as 
brought about by capturing a single electron is greater 
than the fluctuation mentioned above. To say in another 
way, the condition given by the following expression will 

25 have to be satisfied. 

q 2 /2C tt >kT (10) 

30 [0050] This condition requires that the total capaci- 
tance C tt defined above has to be smaller than 3 aF in- 
clusive in order to permit operation at a room tempera- 
ture. 

[0051] In still another mode for carrying out the inven- 
35 tion as illustrated in Figs. 1 7A and 1 7B of the accompa- 
nying drawings, a thin semiconductor film structure (48) 
is formed interiorly of an insulation film (49, 50) which is 
interposed between the storage region (47) and the 
channel region (46) with a view to reducing deterioration 
40 of the insulation film (49, 50). 

[0052] Thus, in the semiconductor element imple- 
mented in accordance with the instant mode for carrying 
out the invention, a potential barrier provided by the thin 
film structure (48) is formed interiorly of the insulation 
45 film (49, 50) so that the thin film structure (48) plays ef- 
fectively a same role as the insulation film, while making 
it possible to decrease the thickness of the insulation 
film in practical applications. 

[0053] As can be seen in Figs. 1 7A and 1 7B, the sem- 
50 iconductor thin film (48) provided internally of the insu- 
lation film (49, 50) has an energy level shifted by the 
conduction band under the effect of the quantum con- 
finement effect in the direction thicknesswise of the 
semiconductor thin film and serves essentially as a po- 
55 tential barrier between the storage region and a carrier 
supply region for the write/erase operations, the reason 
of which will be elucidated below. 
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[0054] Representing the film thickness of the semi- 
conductor thin film by L, effective mass of the carrier in 
the thin film by n and Planck's constant by h, energy in 
the lowest energy state in quantum fluctuation of the car- 
rier due to the confinement effect in the thicknesswise 
direction can appropriately be given by the following ex- 
pression: 

h 2 /8mL 2 (11) 

[0055] In order that the energy shift due to the quan- 
tum confinement effect is made effective in considera- 
tion of the thermal energy fluctuation, the condition giv- 
en by the following inequality expression (1 2) is required 
to be satisfied. 

h 2 /8ml_ 2 > kT (12) 

[0056] In the light of the above expression (12), the 
thickness of the semiconductor thin film (48) formed of 
silicon (Si) will have to be smaller than 9 nm inclusive in 
order that the barrier is effective at a room temperature. 
[0057] Thus, although there is a probability of the car- 
rier existing in the semiconductor thin film for a short 
time upon moving of the carriers between the channel 
region (46) and the carrier confinement region (47) via 
the insulation film (49, 50), the probability of the carriers 
staying in the semiconductor thin film (48) for a long time 
is extremely low. As a result of this, the semiconductor 
thin film (48) operates as a temporary passage for the 
carriers upon migration thereof between the channel re- 
gion (46) and the carrier confinement region (47), which 
means that the semiconductor thin film (48) will eventu- 
ally serve as the potential barrier because of incapability 
of the carrier confining operation. 
[0058] With the structure described above, the semi- 
conductor element can exhibit the barrier effect with the 
insulation film of a smaller thickness when compared 
with the semiconductor element in which the above 
structure is not adopted. Thus, film fatigue of the insu- 
lation film (49, 50) can be suppressed. For further miti- 
gating the film fatigue, the semiconductor thin film (48) 
may be formed in a multi-layer structure. 
[0059] The structure in which the semiconductor thin 
film is provided in the insulation film can enjoy a further 
advantage that the height of the potential barrier be- 
tween the carrier confinement region and the source re- 
gion can properly be set. Since the energy shift due to 
the quantum confinement is determined in accordance 
with the size L of the carrier confinement region, it is 
possible to adjust the height of the barrier by adjusting 
the film thickness in addition to the selection of the thin 
film material. In this connection, it should be noted that 
in the semiconductor element of the structure known 
heretofore, the height of the barrier is determined only 



on the basis of the material constituting the insulation 
film. 

[0060] The above other objects, features and attend- 
ant advantages of the present invention will more clearly 
5 be understood by reading the following description of 
the preferred embodiments thereof taken, only by way 
of example, in conjunction with the drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

10 

[0061] 

Figs. 1A to 1D are views for illustrating a structure 
of a memory element according to a first embodi- 

*5 ment of the invention, wherein Fig. 1 A is a top plan 
view, Fig. 1B is microphotographic view of a chan- 
nel portion of the same Fig. 1C is a schematic per- 
spective view illustrating an overall structure of the 
memory element, and Fig. 1 D is a sectional view of 

20 the same taken along a line C-C in Fig. 1C; 

Fig. 2 is a view showing graphically measured val- 
ues representing a gate-source voltage dependen- 
cy of a drain current of the memory element accord- 
ing to the first embodiment of the invention; 

25 Fig. 3 is a view showing experimentally obtained re- 
sults for illustrating holding of data by the semicon- 
ductor element according to the first embodiment 
after writing of logic "1 M and "0"; 
Figs. 4A to 4C are views for illustrating changes of 

30 a band profile in the vicinity of a channel region of 
the semiconductor element according to the first 
embodiment of the invention when gate voltage is 
increased; 

Figs. 5A to 5C are views for illustrating changes of 
35 a band profile in the vicinity of a channel region of 
the semiconductor element according to the first 
embodiment of the invention when gate voltage is 
lowered; 

Fig. 6 is a schematic circuit diagram showing a 
40 structure of a memory IC device according to the 
invention in which the memory elements each hav- 
ing the structure shown in Fig. 1 are employed; 
Fig. 7 shows a hysteresis characteristic expected 
to be exhibited by the memory device shown in Fig. 
45 6; 

Fig. 8 is an exploded perspective view showing 
schematically a structure of a semiconductor mem- 
ory device according to the first embodiment of the 
invention in which a memory cell array is formed as 
50 stacked on peripheral circuits formed in a Si-sub- 
strate surface; 

Figs. 9A and 9B are sectional views for illustrating 
fabrication steps of a semiconductor memory de- 
vice according to the first embodiment of the inven- 
55 tion; 

Figs. 10A and 10B are sectional views showing a 
structure of a semiconductor memory element ac- 
cording to a second embodiment of the invention; 
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Figs. 11 A and 11 B are enlarged views showing ex- 
aggeratedly a channel region, a carrier confinement 
region and a gate electrode of the memory element 
according to the second embodiment of the inven- 
tion, wherein Fig. 11 A is a perspective view and Fig. 5 
11 B is a sectional view; 

Fig. 12 is a view for illustrating graphically a gate- 
source voltage dependency of a drain current in the 
semiconductor memory element according to the 
second embodiment of the invention; 10 
Figs. 13A to 13C are schematic diagrams for illus- 
trating exaggeratedly changes in potential distribu- 
tion in the vicinity of a channel region and carrier 
confinement region of a semiconductor memory el- 
ement when a gate voltage is increased; *5 
Figs. 14A to 14C are schematic diagrams for illus- 
trating exaggeratedly changes in potential distribu- 
tion in the vicinity of a channel region and carrier 
confinement region of a semiconductor memory el- 
ement when a gate voltage is lowered; 20 
Figs. 15A and 15B are sectional views showing a 
structure of a semiconductor memory element ac- 
cording to a third embodiment of the invention; 
Figs. 16A to 16C are views showing a structure of 
a semiconductor memory element according to a 25 
fourth embodiment of the invention, wherein Fig. 
16A is a sectional view, Fig. 16B shows a section 
taken along a line a-a* in Fig. 16A and Fig. 16C is a 
top plan view; 

Figs. 17A and 17B are views for illustrating a sem- 30 
iconductor memory element according to a fifth em- 
bodiment of the present invention wherein Fig. 17A 
is a sectional view of the same and Fig. 17B shows 
a potential distribution profile in the memory ele- 
ment; 35 
Fig. 18 is a view showing a symbol representing a 
semiconductor memory element according to the 
invention; 

Figs. 18A, 18B and 18C are views for illustrating a 
memory cell according to a sixth embodiment of the *o 
invention, wherein Fig. 18A shows a circuit config- 
uration of the memory cell, Fig. 18B shows voltages 
applied to a word wire and a data wire of the mem- 
ory cell upon read and write operations, respective- 
ly, and Fig. 1 8C is a view for graphically illustrating 45 
dependency of a drain current on a gate-source 
voltage of a semiconductor element employed in 
the memory cell; 

Fig. 19 is a circuit diagram showing circuit configu- 
ration of a read circuit for the memory cell according 50 
to the sixth embodiment of the invention; 
Fig. 20 is a signal waveform diagram for illustrating 
timings at which various signals are applied upon 
read operation; 

Figs. 21 A and 21 B are diagrams showing a circuit 55 
configuration of a 4-bit memory cell array according 
to the sixth embodiment and a layout thereof, re- 
spectively; 



Figs. 22A to 22C are views showing a memory cell 
set according to a seventh embodiment of the in- 
vention, wherein Fig. 22A shows a circuit configu- 
ration of the cell set, Fig. 22B shows voltages ap- 
plied to a memory element thereof upon write and 
read operations, and Fig. 22C graphically illustrates 
characteristic of the memory element; 
Fig. 23 is a circuit diagram showing a structure of a 
semiconductor memory device according to the 
seventh embodiment of the invention; 
Figs. 24A to 24E are circuit diagrams showing var- 
ious configurations of the memory cell according to 
the invention; 

Figs. 25A to 25C are views for illustrating a memory 
cell according to an eighth embodiment of the in- 
vention, wherein Fig. 25A shows a circuit configu- 
ration of the memory cell, Fig. 25B shows voltages 
applied to a word wire and a data wire of the mem- 
ory cell upon read and write operations, respective- 
ly, and Fig. 25C is a view for graphically illustrating 
dependency of a drain current on a gate-source 
voltage of a semiconductor element employed in 
the memory cell; 

Fig. 26 is a circuit diagram showing circuit configu- 
ration of a read circuit for the memory cell according 
to the eighth embodiment of the invention; 
Figs. 27A and 27B are circuit diagrams showing 
versions of the memory cell circuit according to the 
eighth embodiment, respectively; 
Figs. 28A and 28B are a circuit diagram showing a 
configuration of a four-bit memory cell and a corre- 
sponding mask layout of the same, respectively; 
Figs. 29A to 29C are views for illustrating a memory 
cell according to a ninth embodiment of the inven- 
tion, wherein Fig. 29A shows a circuit configuration 
of the memory cell, Fig. 29B shows voltages applied 
to a word wire and a data wire of the memory cell 
upon read and write operations, respectively, and 
Fig. 29C is a view for graphically illustrating depend- 
ency of a drain current on a gate-source voltage of 
a semiconductor element employed in the memory 
cell; 

Fig. 30 is a circuit diagram showing a read/write cir- 
cuit according to the ninth embodiment of the inven- 
tion; 

Figs. 31 A, 31 B and 31 C are views for illustrating a 
memory cell according to a tenth embodiment of the 
invention, wherein Fig. 31 A shows a circuit config- 
uration of the memory cell, Fig. 31 B shows voltages 
applied to a word wire and a data wire of the mem- 
ory cell upon read and write operations, respective- 
ly, and Fig. 31 C is a view for graphically illustrating 
dependency of a drain current on a gate-source 
voltage of a semiconductor element employed in 
the memory cell; 

Fig. 32 is a circuit diagram showing a read circuit 
according to the tenth embodiment of the invention; 
Fig. 33 is a view showing a version of a memory cell 
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according to the tenth embodiment; and 
Fig. 34 is a block diagram showing a structure of a 
data processing apparatus in which a memory de- 
vice according to the invention be employed as a 
main memory. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0062] Now, the present invention will be described in 
detail in conjunction with the preferred or exemplary em- 
bodiments thereof by reference to the drawings. 

Embodiment 1 

[0063] Description which follows is directed to a field 
effect semiconductor memory element (FET memory el- 
ement) according to an exemplary embodiment of the 
present invention. Figs. 1A to 1D are views for illustrat- 
ing a structure of a semiconductor memory element ac- 
cording to a first embodiment of the invention, wherein 
Fig. 1C is a schematic perspective view illustrating an 
overall structure of the memory element, Fig. 1D is a 
sectional view of the same taken along the line C-C in 
Fig. 1C, Fig. 1B is an enlarged microphotographic view 
showing a channel portion of the same, and Fig. 1A is 
a top plan view thereof. Referring to the figures, a source 
1 and a drain 2 are each constituted by a region formed 
of n-type polycrystalline silicon and having a high impu- 
rity concentration while a channel portion 3 is constitut- 
ed by a region formed of a non-doped polycrystalline 
silicon region. Each of the source 1, the drain 2 and the 
channel 3 is realized in the form of a thin and fine wire 
of polycrystalline silicon. In the case of a memory device 
manufactured actually by the inventors of the present 
application, the channel 3 is 0.1 urn in width and 10 nm, 
preferably 3.4 nm in thickness. Connected to the ends 
of the source 1 and the drain 2 are contacts 1A and 2A 
of polycrystalline silicon, respectively, each of which has 
a thickness greater than that of the source 1 and the 
drain 2, wherein the source 1 and the drain 2 are con- 
nected to metallic wiring conductors via the polycrystal- 
line silicon contacts 1 A and 2A, respectively. In the case 
of a typical example of the memory element, each of the 
polycrystalline silicon contacts 1A and 2A should pref- 
erably be implemented with a thickness of 0.1 u.m which 
is ten times as large as that of the channel 3, because, 
if otherwise, polycrystalline silicon itself becomes insus- 
ceptible to etching upon forming contact holes directly 
in thin polycrystalline silicon. A gate electrode 4 is pro- 
vided in such orientation as to intersect the channel re- 
gion 3 through an interposed gate insulation film 5. In 
the case of the instant embodiment, the film thickness 
of the gate electrode 4 is 0.1 urn. The structure men- 
tioned above can best be seen from Fig. 1C. 
[0064] Parenthetically, the polycrystalline silicon film 
constituting the channel region 3 is wholly enclosed by 
a Si0 2 -protection film 10 in the case of the instant em- 



bodiment (see Fig. 1D). Because the dielectric constant 
of silicon oxide (Si0 2 ) is about one third of that of silicon , 
capacitances of the channel region 3 and the gate elec- 
trode 4 can be reduced by enclosing them with the Si0 2 - 

5 protection film 10 as mentioned above. This is one of 
the reasons why the hysteresis characteristic elucidated 
hereinbefore can be realized at a room temperature. 
[0065] In the case of the memory element according 
to the instant embodiment, the channel of polycrystalline 

*o silicon is formed by depositing amorphous silicon (a-Si) 
in a thickness of 10 nm on a Si0 2 -substrate and crys- 
tallizing by heat treatment at a temperature of 750°C. In 
this conjunction, it has been found that the thickness of 
amorphous silicon (a-Si) should preferably be in the or- 

15 der of 3.5 nm. A structure of a channel portion is shown 
in Fig. 1B. In the course of the heat treatment, silicon 
crystal grains in amorphous silicon grow progressively. 
However, when the size of the grain reaches the film 
thickness, any further growth in the direction perpendic- 

20 ular to the plane of the film is prevented. At the same 
time, the rate of the grain growth in the direction parallel 
to the film becomes retarded. As a consequence, the 
grain size in the lateral direction (i.e., in the direction par- 
allel to the film surface) is substantially equal to the film 

25 thickness. For these reasons, the field-effect semicon- 
ductor memory element according to the instant embod- 
iment of the invention features that the grain size of poly- 
crystalline silicon forming the channel region is extreme- 
ly small. 

30 [0066] The small grain size mentioned above contrib- 
utes to realization of small capacitance between the 
gate electrode and the channel region, the reason for 
which will be elucidated below. In the field effect element 
now under consideration, it is only a few current paths 

35 6 having lowest resistance in the channel region 3 that 
a current can actually flow within a low-current range 
close to a threshold level (see Fig. 1A). To say in more 
concrete, the current flow takes place due to migration 
or transfer of electrons from one to another crystals 

40 grain. In the case of the instant embodiment, the current 
path is extremely fine or thin because of a very small 
grain size as mentioned above. Consequently, the re- 
gion in which electrons exists is remarkably small when 
compared with whole the channel region. For this rea- 

45 son, the capacitance C gc which is effective between the 
gate electrode and the effective channel portion (in the 
sense defined hereinbefore) is significantly small. 
[0067] In the case of a semiconductor memory ele- 
ment actually fabricated according to the instant embod- 

so iment, the gate-channel capacitance C gc mentioned 
above was set at an extremely small value, e.g. 0.02 aF 
(atto-Farad), with a view to observing the effect of 
change in the threshold value to a possible maximum 
extent. As a result of this, the range of voltages required 

55 for operation expanded to several ten volts. Of course, 
by setting the gate-channel capacitance C gc at a greater 
value, e.g. 0.2 aF, the operation voltage range can be 
set to a range of several volts usually employed in the 
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conventional integrated circuit. To this end, the thick- 
ness of the gate insulation film 5 may be decreased and/ 
or the length or width of the gate electrode may be in- 
creased, which can be realized without any appreciable 
technical difficulty. 

[0068] In the case of the instant embodiment of the 
invention, the channel is formed of polycrystalline sili- 
con. At this juncture, it should however be mentioned 
that the hysteresis characteristic can be realized even 
in a conventional bulk MOSFET formed in a crystal sil- 
icon substrate if the gate-channel capacitance men- 
tioned above can be made so small that the conditions 
mentioned previously can be satisfied. In that case, the 
bulk MOSFET can be made use of as a memory ele- 
ment. In this conjunction, it is however noted that in the 
case of a bulk MOSFET, the effects of the grain men- 
tioned above are absent. Besides, the lower side of the 
bulk MOSFET is covered with a Si-film having a high 
dielectric constant. Consequently, it is necessary to de- 
crease the size of the bulk MOSFET element when com- 
pared with the element having the channel formed of 
polycrystalline silicon. This in turn means that difficulty 
will be aggravated in manufacturing the bulk MOSFET 
memory element. However, because the bulk MOSFET 
has a greater mobility of carriers, it can handle a large 
current and is suited for a high-speed operation, to an 
advantage. As a further version, the hysteresis charac- 
teristic mentioned previously can be realized by using a 
MOSFET of SOI (Silicon-On-lnsulator) structure as well. 
The SOI structure can be implemented by growing 
monocrystalline silicon on an insulation film and by form- 
ing a MOSFET therein. Because the gate-channel ca- 
pacitance of the SOI MOSFET can be made smaller 
than that of the bulk MOSFET, the hysteresis character- 
istic can be realized with a greater size when compared 
With the bulk MOSFET. 

[0069] The foregoing description has been made on 
the assumption that the channel for migration of elec- 
trons is of n-type. It should however be mentioned that 
similar operation can be accomplished by using holes. 
Further, other semiconductor material than silicon can 
be employed in forming the channel region. 
[0070] Additionally, it has been assumed in the fore- 
going description that the gate electrode 4 is located be- 
neath the channel region 3. However, similar operation 
can be effectuated equally with such structure in which 
the gate electrode lies above the channel region. Be- 
sides, gate electrodes may be provided above and be- 
neath the channel, respectively, for realizing similar op- 
eration and effects as those mentioned previously. Fur- 
thermore, the gate electrode may be disposed at a side 
laterally of the channel region. Moreover, gate elec- 
trodes may be provided at both sides of the channel, 
respectively. 

[0071] Now, referring to Fig. 6, description will be 
made of an integrated memory circuit which is com- 
prised of the semiconductor elements of the structure 
described above. Fig. 6 shows a structure of a memory 



IC device in which polycrystalline silicon memory ele- 
ments each having the structure shown in Fig. 1 are em- 
ployed. In this conjunction, it is assumed that each of 
the semiconductor elements or the polycrystalline sili- 

5 con memory elements has such hysteresis characteris- 
tic as illustrated in Fig. 7. More specifically, it is pre- 
sumed that when a voltage V w is applied between the 
gate and the source, the memory element takes on logic 
"1" state (state of high threshold value represented by 

10 v h ) while upon application of a voltage of -V w between 
the gate and the source, the memory element assumes 
logic "0" state (low threshold state V € ). On the other 
hand, application of a voltage in a range oi-VJ2 to V^/ 
2 between the gate and the source or between the gate 

is and the drain, the threshold voltage undergoes no 
change. The characteristic illustrated in Fig. 7 is com- 
parable to that shown in Fig. 2 except that the threshold 
value is lowered as a whole and can be realized by in- 
troducing a donor impurity in the channel region of the 

20 memory element upon manufacturing thereof. 

[0072] Referring to Fig. 6, each of semiconductor 
memory elements MP1 to MP4 is constituted by a sem- 
iconductor element according to the invention which has 
the structure shown in Fig. 1 and the hysteresis charac- 

25 teristic illustrated in Fig. 7. Each of the semiconductor 
memory elements has a gate terminal connected to a 
word wire, a drain terminal connected to a data wire and 
a source terminal connected to the ground potential. 
[0073] Operation for writing digital data in the integrat- 

30 ed memory circuit is performed through cooperation of 
a word wire driver circuit and a data wire driver circuit 
shown in Fig. 6 in a manner described below. For writing 
logic "1" in the memory element MP1, the potential on 
the word wire 1 is set to a voltage level of VJ2 with the 

35 potential of the data wire 1 being set to -N/^2, while the 
other word wires and data wires are set to zero volt. As 
a result of this, a voltage of V w is applied between the 
gate and the drain of the memory element MP1, which 
thus takes on the logic "1" state (high threshold state). 

40 At this time point, all the other memory elements than 
the memory element MP1 are applied with a voltage not 
higher than VJ2. Accordingly, no change takes place in 
the threshold voltage in these other memory elements. 
On the other hand, for writing logic "0" in the memory 

45 element MP1 , the potential on the word wire 1 is set to 
-V^/2 with the potential on the data wire 1 being set to 
V^/2. Thus, the voltage of -V w is applied between the 
gate and the drain of the memory element MP1 , where- 
by the memory element MP1 is set to logic "0" state (low 

50 threshold state V € ). At this time point, all the other mem- 
ory elements than the memory element MP1 are applied 
with a voltage which is not higher than -V^/2. Accord- 
ingly, no change can take place in the threshold value 
in these other memory elements. 

55 [0074] On the other hand, reading of information or 
data is carried out in a manner described below (see 
Fig. 6). In the data wire driver circuit, the data wire is 
connected to a voltage source via a load element. On 
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the other hand, the other end of the data wire is con- 
nected to a sense amplifier. Now, operations involved in 
reading out data from the memory element MP1 will be 
considered. To this end, the potential of the word wire 1 
as selected is set to the level of zero volt while the po- 5 
tential on the other word wire 2 not selected is set to the 
voltage level of -VJ2. When the memory element MP1 
is in the logic "1" state, this means that the memory el- 
ement MP1 is in the off-state (i.e., nonconducting state) 
with the data wire remaining in the logically high state. io 
Even when the memory element MP2 is in the logical 
"0" state, no current can flow through the memory ele- 
ment MP1 because the word wire not select is at the 
potential level of -V^/2. When the memory element MP1 
is in the logic "0" state, a current flows from the data wire * 5 
1 to the grounded wire via the memory element MP1, 
resulting in lowering of the potential at the data wire 1 . 
This potential drop is amplified by the sense amplifier, 
whereupon the data read-out operation comes to an 
end. The memory device can be implemented in this 20 
manner. 

[0075] In the memory device now under considera- 
tion, peripheral circuits thereof such as a decoder, the 
sense amplifier, an output circuit and the like are imple- 
mented by using the conventional bulk MOSFET formed 25 
in a surface of a Si-substrate in such an arrangement 
as illustrated in Fig. 8, and a memory cell array including 
the memory elements MP1 to MP4 each of the structure 
illustrated in Fig. 1 are fabricated on the peripheral cir- 
cuits with an interposition of an insulation film. This is 30 
because polycrystalline silicon for the memory elements 
MP1 to MP4 can be fabricated on the bulk MOSFETs. 
By virtue of this structure, the space or area otherwise 
required for the peripheral circuits can be spared, 
whereby the memory device can be implemented with 35 
about twice as high an integration density when com- 
pared with that of the conventional dynamic RAM. Par- 
enthetically, it should be added that a wiring layer which 
exists in actuality between the bulk MOSFETs and the 
polycrystalline silicon transistor layer is omitted from il- *o 
lustration in Fig. 8. 

[0076] As will be appreciated from the foregoing de- 
scription, with the structure of the memory device ac- 
cording to the instant embodiment of the invention, there 
can be realized a integrated memory circuit with a high 45 
integration density because of capability of storing sin- 
gle-bit information by the single memory element. Be- 
sides, the integration density can further be increased 
by stacking the memory cell array on the peripheral cir- 
cuit layer in a laminated or stacked structure. Addition- so 
ally, there is no necessity for reading out a quantity of 
electric charge, as required in the case of the conven- 
tional dynamic RAM, but the signal can be generated 
on the data wire in a static manner, so to say. Owing to 
this feature, fine structurization can further be enhanced 55 
without involving degradation in the signal-to-noise ratio 
(S/N ratio). Moreover, information as stored can be re- 
tained over an extended time period, which means that 



refreshing operation as required in the case of the dy- 
namic RAM can be rendered unnecessary. Conse- 
quently, power consumption can be suppressed to a 
possible minimum. Further, the peripheral circuits can 
be implemented in much simplified configuration. Owing 
to the features mentioned above, there can be realized 
according to the teachings of the invention incarnated 
in the instant embodiment a semiconductor memory de- 
vice with an integration density which is at least twice 
as high as that of the conventional dynamic RAM while 
the cost per bit can be reduced at least to a half of that 
required in the conventional dynamic RAM. Of course, 
electric power required for holding or retention of infor- 
mation (data) can significantly be reduced. 
[0077] In the foregoing description, it has been as- 
sumed that the low threshold voltage V, is of negative 
polarity with the high threshold level V h being positive, 
as illustrated in Fig. 7. However, even when these 
threshold voltages V € and V h for the memory element 
are set at higher levels, respectively, similar operation 
can be ensured simply by setting correspondingly high- 
er the gate control signal level. 
[0078] Next, by reference to Figs. 9A and 9B, descrip- 
tion will turn to a process for fabricating or manufacturing 
the memory element and the memory device according 
to the instant embodiment of the invention. At first, an 
n-channel MOS 15 and a p-channel MOS 16 (i.e., a 
CMOS (Complementary Metal-Oxide Semiconductor 
device) are fabricated on a surface of a p-type Si-sub- 
strate 14, which is then followed by formation of an in- 
sulation film over the CMOS device as well as formation 
of metal wires 17 (refer to Fig. 9A). Subsequently, an 
inter-layer insulation film 1 8 is deposited and the surface 
thereof is flattened for reducing roughness. Next, a poly- 
crystalline silicon region which is to serve as a gate elec- 
trode 4 of the memory element is formed on the flat sur- 
face of the insulation layer 18. To this end, the polycrys- 
talline silicon region is doped with n-type impurity at a 
high concentration so that it exhibits a low resistance. 
Next, a Si0 2 -film which is to serve as a gate insulation 
film 5 is deposited in thickness on the order of 50 nm 
over the insulation layer 18 having the gate electrodes 
through a chemical vapor deposition method (i.e., CVD 
method in abbreviation), which is then followed by dep- 
osition of an amorphous silicon layer. After patterning of 
the amorphous silicon layer, source regions 1 and drain 
regions 2 are doped with n-type impurity such as As, P 
or the like through ion implantation and annealed at a 
temperature of about 750°C, whereby channels 3 of 
polycrystalline silicon are formed. Finally, a protection 
or passivation film 10 of Si0 2 is formed. Thus, there can 
be fabricated a memory device of high integration den- 
sity according to the invention (refer to Fig. 9B). At this 
juncture, it should be added that an electrically conduct- 
ing layer may be provided on the top surface of the mem- 
ory device for the purpose of shielding the memory de- 
vice against noise to thereby enhance the reliability 
thereof. 
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Embodiment 2 

[0079] Figs. 1 0A and 1 0B are sectional views showing 
a memory element according to a second embodiment 
of the invention. An SOI (Silicon-On-lnsulator)-sub- 5 
strate is employed as the substrate, wherein Fig. 10B 
shows a section taken along as line a-a* in Fig. 10A. A 
source region 19 and a drain region 20 are each consti- 
tuted by an n-type silicon region of high impurity con- 
centration and low resistance, wherein a channel 21 of n> 
silicon extending between the source and drain regions 
19 and 20 is formed in a fine or thin wire. A thin film 25 
of Si0 2 is formed over the channel 2 1 . Further, a storage 
node 24 for confining carriers with silicon grains is 
formed on the channel region 21 . A gate electrode 22 is *5 
provided above the channel region 21 with a gate insu- 
lation film 23 being interposed therebetween. 
[0080] With the structure of the memory element ac- 
cording to the instant embodiment, the capacitance C gc 
between the channel region 21 and the gate electrode 20 
22 can be reduced because of a very small wire width 
of the channel 21. Writing and erasing operations can 
be effected by changing potential level. More specifical- 
ly, the writing can be carried out by injecting electrons 
from the channel region into the storage node 24 by 25 
clearing a potential barrier provided by the insulation film 
25, while for erasing the stored information, electrons 
are drawn out from the storage node 24. Thus, in the 
memory element according to the instant embodiment, 
writing and erasure of or data information to and from 30 
the storage node 24 are performed by transferring the 
electrons with the channel. It should however be men- 
tioned that these operations can be realized through 
electron transferring with other region than the channel 
region. The same holds true in the embodiments of the 35 
invention which will be described below. Further, al- 
though silicon is employed for forming the source, the 
drain and the channel with Si0 2 being used for forming 
the insulation films in the memory element according to 
the instant embodiment, it should be understood that the 40 
source and the drain may be formed of other semicon- 
ductor material or metal and that the insulation film may 
also be formed with other compositions so long as the 
capacitance C gc satisfying the requisite conditions men- 
tioned previously can be realized. 45 
[0081] Additionally, it is important to note that al- 
though the storage node 24 is provided above the chan- 
nel 21 in the memory element according to the instant 
embodiment, the storage node 24 may be provided be- 
neath the channel region or at a location laterally of the so 
channel region. Besides, although it has been described 
that the SOI substrate is employed with monocrystalline 
silicon being used for forming the source, the drain and 
the channel, it should be understood that they may be 
formed by using polycrystaliine silicon as in the case of 55 
the first embodiment. In that case, difference from the 
first embodiment can be seen in that the storage node 
24 is provided independently. It should further be added 



that the material for the insulation film interposed be- 
tween the channel region and the storage node need 
not be same as the material of the insulation film inter- 
posed between the gate and the storage node. 
[0082] Although it is presumed that the carriers are 
electrons in the memory element and the memory de- 
vice according to the instant embodiment, holes may 
equally be employed as the carriers substantially to the 
same effect. This holds true in the embodiments de- 
scribed below as well. 

[0083] According to the teachings of the invention in- 
carnated in the instant embodiment, the storage node 
24 is formed by using crystal grains of a small size, 
wherein the storage node 24 of Si-grains is surrounded 
or enclosed by the gate insulation film 23 and the insu- 
lation film 25 of Si0 2 to thereby reduce surrounding par- 
asitic capacitance. Because of the small size of the 
grains constituting the storage node 24, the surrounding 
or total capacitance C tl therefor may be determined in 
terms of intrinsic capacitance. In the case of a spherical 
body having a radius r and enclosed by a material hav- 
ing a dielectric constant e, the intrinsic capacitance 
thereof is given by 4ner. By way of example, for the stor- 
age node formed by silicon crystal grains having a grain 
size of 10 nm, the surrounding or total capacitance C tt 
of the storage node is about 1 aF. 
[0084] Figs. 11 A and 11 B show schematically and ex- 
aggeratedly a channel region, a carrier confinement 
node and a gate electrode in a perspective view and a 
sectional view, respectively. 

[0085] Referring to Fig. 12, when a gate-source volt- 
age (i.e., voltage applied between the gate and the 
source) is swept between a first voltage V g0 (zero volt) 
and a second voltage V g1 (5 volts) in the vertical direc- 
tion as viewed in Fig. 12, the drain current exhibits a 
hysteresis characteristic. In this conjunction, relevant 
potential distributions on and along a plane b-b' in Fig. 
11 B are illustrated in Figs. 13A to 13C and Figs. 14A to 
14C. The reason why the hysteresis characteristic such 
as illustrated in Fig. 12 makes appearance will be elu- 
cidated below. 

[0086] In the semiconductor memory element shown 
in Fig. 10, potential distribution making appearance in 
the channel region 21 when the potential difference V gs 
between the gate and the source is zero volt is sche- 
matically shown in Fig. 13A. This corresponds to the 
state 25 shown in Fig. 12. Parenthetically, it is assumed 
that the drain current flows in the direction perpendicular 
to the plane of the drawing Fig. 13A. The description 
which follows will be made on the assumption that the 
drain-source voltage is sufficiently low as compared with 
the gate voltage, being however understood that the fol- 
lowing description applies valid as it is, even when the 
voltage between the drain and the source is high. 
[0087] Now referring to Fig. 1 3A, in the channel region 
21 surrounded by a potential barrier 25 formed between 
the channel region 21 and the storage node 24 and the 
peripheral Si0 2 -film 23, there prevails a low-energy po- 
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tential. Thus, the storage node 24 (carrier confinement 
region) formed of Si-grains and surrounded by the insu- 
lation films 23 and 25 can capture or trap the carriers or 
electrons. On the other hand, no electrons exist in the 
channel region 21 because energy level of the conduc- 
tion band in the channel region 21 of P-type or N-type 
having low impurity concentration or i-type (intrinsic 
semiconductor type) is sufficiently higher than the ener- 
gy level of the conduction band in the N-type source 19 
of a high impurity concentration or Fermi level in the N- 
type degenerate source region 1 9 having a high impurity 
concentration. Consequently, no drain current can flow. 
[0088] Incidentally, energy in the carrier confinement 
region or the storage node 24 is sufficiently higher than 
the Fermi level in the source region 19. Thus, no elec- 
tron exists in this region 24 either. 
[0089] As the potential difference V gs between the 
gate electrode 22 and the source 19 is increased from 
zero volt to the low threshold voltage V f , potential in the 
channel region 21 increases. As a consequence, poten- 
tial in the channel region 21 for electrons becomes low- 
er, as can be seen in Fig. 13B, hereby electrons are in- 
troduced into the channel region 21 from the source 19. 
Thus, a current flow takes place between the source and 
the drain. 

[0090] When the gate voltage is further increased, the 
number of electrons existing in the channel region 21 
increases correspondingly. However, when the gate- 
source voltage V gs reaches a writing voltage V g1 , energy 
in the storage node 24 becomes low, being accompa- 
nied with a corresponding increase of the potential gra- 
dient between the channel 21 and the storage node 24. 
As a consequence of this, at least one electron will be 
entrapped in the storage node 24 by clearing the poten- 
tial barrier 25 due to thermal energy distribution of elec- 
tron and/or tunneling phenomenon (tunnel effect). This 
corresponds to transition from the state 27 to the state 
28, as illustrated in Fig. 12. 

[0091] Thus, there takes place a Coulomb blockade 
owing to one electron trapped in the storage node 24 as 
well as potential increase, whereby injection of another 
electron in the storage node 24 is prevented, as is illus- 
trated in Fig. 14A. 

[0092] In this way, every time one electron is en- 
trapped in the storage node 24, the threshold voltage of 
the semiconductor memory element shown in Fig. 10 
changes from the low threshold to the high threshold 
voltage V hs , the reason for which will be explained be- 
low. 

[0093] When the gate-source voltage V gs is lowered 
within the range of V h (high threshold voltage) < V gs < 
V f (low threshold voltage), starting from the state illus- 
trated in Fig. 1 4A, the number of electrons in the channel 
region 21 decreases. However, electron captured or 
trapped in the storage node 24 remains as it is, because 
of existence of the potential barrier 25 between the stor- 
age node 24 and the channel 21 . 
[0094] When the voltage of the gate electrode 22 is 



lowered to a level where the potential difference V gs is 
equal to the high threshold voltage V h , the Fermi level 
in the source 1 9 becomes different from the energy level 
of the conduction band in the channel 21 by a magnitude 
5 on the order of kT, as a result of which substantially all 
of the electrons in the channel region make disappear- 
ance, (refer to Fig. 14B). This corresponds to the state 
29 shown in Fig. 12. At this juncture, it should however 
be mentioned that the threshold value V h at which the 
drain current can no more flow becomes higher than the 
low threshold voltage V € by an amount of the charge of 
the electrons captured in the storage node 24. 
[0095] As the gate-source voltage V gs is further low- 
ered to a level where it becomes equal to zero volt, the 
potential gradient between the storage node 24 and the 
channel region 21 becomes steeper correspondingly, as 
a result of which the electron captured in the storage 
node 24 is released owing to the tunneling effect brought 
about by thermal energy distribution of electrons and the 
field effect (refer to Fig. 14C). Potential profile in the 
state where electrons are dispelled is equivalent to the 
initial potential profile illustrated in Fig. 13A. This means 
that the semiconductor memory element resumes the 
state 25 shown in Fig. 12. 

[0096] Subsequently, when the gate-source voltage 
v gs ' s again increased for effecting repeatedly the 
sweep in the vertical direction, hysteresis phenomenon 
which accompanies the capture/release of electron can 
be observed. 

[0097] In the structure of the memory element now un- 
der consideration, the condition given by the expression 
(8) has to be satisfied in order to detect the presence/ 
absence of a single electron in terms of a current. 
[0098] Next, description will turn to a method of fabri- 
cating the memory element or memory device according 
to the instant embodiment of the invention. AS is shown 
in Figs. 10A and 10B, the source region 19, the drain 
region 20 and the channel region 21 are formed in the 
SOI substrate by resorting to a photoetching process. 
The channel region is realized in the form of a fine or 
thin wire. The source and drain regions are doped with 
n-type impurity at a high concentration. By contrast, the 
channel region is doped with n-type or i-type or p-type 
impurity at a low impurity concentration. Subsequently, 
the Si0 2 -film 25 is deposited through a CVD (chemical 
vapor deposition) process, which is then followed by for- 
mation of a crystal silicon grain or the storage node 24 
through a CVD process. 

[0099] In order to form the silicon crystal grain 24 
(which is to serve as the storage node 24) having a very 
small radius r, a nucleus formed initially in the CVD dep- 
osition process is made use of for forming the crystal 
silicon grain 24. To this end, formation of the crystal sil- 
icon grain 24 by the CVD method should be carried out 
at a low temperature and completed within a short time. 
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Embodiment 3 

[0100] Fig. 15A and 15B show in sections a memory 
element according to a third embodiment of the present 
invention, respectively, in which Fig. 15B is a sectional 
view taken along a line a-a' in Fig. 15A. The memory 
element or memory device according to the instant em- 
bodiment differs from the second embodiment in that the 
former is implemented in such a structure in which a 
channel region 33 and a carrier confinement region or 
storage node 34 are sandwiched between a pair of gate 
electrodes 31 and 32. Thus, in the memory element or 
memory device according to the instant embodiment, 
writing and erasing operations can be performed not on- 
ly from the first gate electrode 31 but also through the 
medium of the second gate electrode 32. 
[0101] In the case of memory element or memory de- 
vice according to the second embodiment of the inven- 
tion, it is expected that potential profiles in the carrier 
confinement region and in the vicinity of the channel re- 
gion inclusive thereof may undergo variation under the 
influence of change in the external potential. By con- 
trast, the memory element or memory device according 
to the instant embodiment is less susceptible to the in- 
fluence of such external potential change owing to the 
shielding effect of the gate electrodes provided at both 
sides, to an additional advantage. 

Embodiment 4 

[0102] Figs. 16A to 16C show a memory element ac- 
cording to a fourth embodiment of the invention, wherein 
Fig. 16A is a sectional view, Fig. 16B shows a section 
taken along a line a-a' in Fig. 16A and Fig. 16C is a top 
plan view. Referring to the figures, formed over a chan- 
nel region 39 of a bulk MOSFET in which a source 35 
and a drain 36 are formed in a silicon semiconductor 
crystal substrate is an insulation film 40 on which a plu- 
rality of silicon crystal grains 41 are formed. Further, an 
insulation film 42 is formed over the insulation film 40 
and the grains 41. Additionally, a second gate electrode 
38 is deposited on the insulation film 42. This gate elec- 
trode 38 is of such a shape that a gap exists in the di- 
rection interconnecting the source 35 and the drain 36. 
A first gate electrode 37 is provided above the second 
gate electrode 38 with an insulation film 43 being inter- 
posed therebetween. The source 35 and the drain 36 
are each constituted by a region formed of an n-type 
bulk silicon having a high impurity concentration, where- 
in a p-type region 44 intervenes between the source re- 
gion 35 and the drain 36. 

[0103] By applying a voltage of positive or plus polar- 
ity to the first gate electrode 37, electrons are induced 
in a surface portion of the p-type region 44, whereby a 
channel 39 is formed. In that case, the potential of the 
second gate electrode 38 is set lower than the first gate 
electrode 37 so that the second gate electrode 38 also 
operates as an electrostatic shield electrode. As a result 



of this, the channel region 45 is formed only in a region 
located in opposition to the fine gap of the second gate 
electrode 38, whereby the effective capacitance C gc be- 
tween the first gate electrode 37 and the channel region 
5 39 can be made smaller. Writing and erasing operations 
can be realized by changing the potential of the first gate 
electrode 37 or the second gate electrode 38 or the sub- 
strate 37 in a substantially same manner as described 
hereinbefore in conjunction with the third embodiment. 

Embodiment 5 

[0104] Fig. 17A shows a cross section of a memory 
element according to a fifth embodiment of the present 
invention. The direction in which the current flows ex- 
tend perpendicularly to the plane of the drawing. The 
channel region and the carrier confinement region (stor- 
age node) as well as regions located in the vicinity are 
shown exaggeratedly. The source and the drain are im- 
plemented in same configurations as those of the mem- 
ory element according to the second embodiment of the 
invention. The instant embodiment differs from the sec- 
ond embodiment in that a thin film 48 of silicon is formed 
in Si0 2 -insulation films 49 and 50 between a channel 
region 46 of silicon and a storage node (carrier confine- 
ment node) 47 formed by a silicon crystal grain. 
[01 05] Carriers within a channel 46 can reach the stor- 
age node (carrier confinement region) 47 via the Si-thin 
film 48. Fig. 17B shows a potential profile in the memory 
element of the structure mentioned above. Referring to 
Fig. 17B, an energy shift 52 takes place in the Si-thin 
film 48 due to the quantum confinement effect in the di- 
rection thicknesswise. The thin Si-film 48 plays a role as 
a barrier for the migration of electron from the Si-channel 
region 46 to the carrier confinement region (storage 
node) 47. As a result of this, for achieving the same bar- 
rier effect, the sum of film thicknesses of the Si0 2 -films 
49 and 50 existing between the channel and the carrier 
confinement region may be reduced as compared with 
the film thickness of the Si0 2 -film located between the 
channel region and the carrier confinement region of the 
memory element in which the structure according to the 
instant embodiment is adopted (e.g. refer to Figs. 10A 
and 10B). Accordingly, fatigue of the insulation film can 
be mitigated, whereby the number of the times the mem- 
ory is rewritten can be increased. 
[0106] It should further be mentioned that the poten- 
tial barrier realized by making use of the quantum con- 
finement effect described above is effective for protect- 
ing the insulation film against fatigue even in the case 
where a greater number of carriers are to be handled by 
the carrier confinement region. 

Embodiment 6 

[01 07] A structure of a memory read circuit for a sem- 
iconductor memory device according to the invention 
will be described by reference to Figs. 18A to 18C and 
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Fig. 19. In the description which follows, the semicon- 
ductor memory element according to the invention 
which may be one of the elements described hereinbe- 
fore by reference to Figs. 1A - 1D, Fig. 6, Figs. 10A, 10B, 
Figs. 15A, 15B, Figs. 16A - 16C and Figs. 17A ? 17B, 
respectively, is identified by representing the carrier 
trapping node (carrier confinement region) by a solid cir- 
cle as shown in Fig. 18 for the purpose of discrimination 
from the conventional field effect transistor. On Figs. 
18A to 18C, Fig. 18A shows a circuit configuration of a 
single-bit memory cell, Fig. 18B shows voltages applied 
to a word wire W and a data wire D upon read and write 
operations, respectively, and Fig. 18C graphically illus- 
trates a dependency of a drain current on a gate voltage 
(gate-source voltage) in a semiconductor element MM7 
employed for realizing the memory cell. The circuit con- 
figuration per se is identical with that described herein- 
before in conjunction with the first embodiment by ref- 
erence to Fig. 6. 

[0108] Fig. 19 shows a circuit configuration for read- 
ing data or information stored in a memory cell MM1. 
Needless to say, a large number of memory cells similar 
to the memory cell MM1 are disposed in an array in the 
memory device which the invention concerns, although 
illustration thereof is omitted. The memory cell MM1 
serving for storing information differs from the conven- 
tional MOSFET known heretofore in that the value of a 
current which can be handled by the memory cell is 
smaller as compared with that of the MOSFET. This is 
because the gate-channel capacitance is set small in 
the case of the memory cell according to the invention. 
A structure for reading such a small current value stably 
at a high speed will be described below. The memory 
cell constituted by the semiconductor memory element 
MM1 is connected to a data wire D which in turn is con- 
nected to an input transistor M9 constituting a part of a 
differential amplifier via a data wire selecting switch M5. 
Connected to another data wire Dn provided in pair with 
the data wire D are dummy cells constituted by semi- 
conductor memory elements MM5 and MM6, respec- 
tively. The data wire Dn is connected to a gate terminal 
of an input transistor constituting the other part of the 
differential amplifier via a data wire selecting switch M6. 
[0109] Now, description will be directed to operation 
for reading data from the memory cell MM1. Fig. 20 
shows timing of signals involved in the read operation. 
It is assumed that logic "0" is written in the memory cell 
MM1 which is thus in the state where the threshold volt- 
age is low. Each of the dummy cells MM5 and MM6 is 
always written with logic "O" previously. Upon read op- 
eration, a signal S2 is set to a low level to thereby pre- 
charge both the data wires D and Dn to a source voltage 
V r . At the same time, signals S3 and S4 are set to a high 
level to thereby allow the data wires D and Dn to be con- 
nected to the input transistors M9 and M10 of the differ- 
ential amplifier, respectively. Further, at the same timing, 
signals S5 and S6 are set to the high level to thereby 
activate the differential amplifier so that the outputs OUT 



and OUT n are equalized to each other. By changing po- 
tentials of the word wire W1 and WD from the low level 
to the high level, the memory cell MM1 and the dummy 
cells MM5 and MM6 are selected. Then, the memory 
5 cell MM1 assumes the on-state (conducting state), 
which results in that the potential of the data wire D be- 
comes low. At the same time, the dummy cells MM5 and 
MM6 are set to the on-state, whereby the potential of 
the data wire Dn becomes low. However, because the 
dummy cells MM5 and MM6 are connected in series, 
the current driving capability thereof is poor as com- 
pared with that of the memory cell MM1. Consequently, 
the potential of the data wire Dn changes more gently 
than that of the data wire D. When data of the data wires 
D and Dn are fixed, a signal S6 is set to the low level, 
whereby the differential amplifier can assume the state 
ready for operation. The potential difference between 
the data wires D and Dn is amplified by the differential 
amplifier, the output OUT of which thus assumes the 
high level while the other output OUTn becomes low. At 
this time point, operation for reading logic "0" from the 
memory cell MM1 is completed. 
[0110] When the memory cell MM1 is in the state of 
logic "1" (i.e., in the state where the threshold value is 
high with only a small current flowing), the data wire D 
remains in the precharged state, as a result of which the 
potential of the data wire Dn lowers more speedily than 
that of the data wire D. The resultant difference is then 
amplified by the differential amplifier, whereupon the 
read operation comes to an end. 
[0111] For reading information from the memory cell 
constituted by a semiconductor memory element MM2, 
the semiconductor memory elements MM3 and MM4 
then serve as the dummy cells. It is sufficient to provide 
a single dummy cell for each of the data wires. Thus, 
the area requirement can be suppressed to a minimum. 
[01 1 2] With the circuit arrangement described above, 
information read operation can be effectuated even 
when only a small potential difference makes appear- 
ance between the data wires D and Dn. This means that 
the quantity of charge to be discharged from the data 
wire D via the memory cell MM1 may be small. By virtue 
of these features, high-speed operation can be realized. 
[01 13] In the case of the exemplary embodiment de- 
scribed above, the series connection of the dummy cells 
MM5 and MM6 is provided as the means for making the 
dummy cell current substantially equal to a half of the 
memory cell current. However, the reference potential 
can be generated by reducing the channel width to a 
half or lowering the applied gate voltage instead of re- 
sorting to the provision of the serial dummy-cell connec- 
tion. 

[01 14] Figs. 21 A and 21 B show a circuit configuration 
of memory cells in a semiconductor memory device and 
a layout thereof, respectively. More specifically, Fig. 21 A 
is a circuit diagram showing four memory cells arrayed 
adjacent to one another, while Fig. 21 B shows a mask 
layout corresponding to the circuit configuration shown 
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in Fig. 21A. The two memory cells MM91 and MM92 
connected to a word wire W91 share one and the same 
gate electrode in common, whereby the wiring required, 
if otherwise, can correspondingly be spared. On the oth- 
er hand, for the other memory cells MM93 and MM91 
which are connected to a same data wire D91 , diffused 
layers thereof are directly connected to each other for 
allowing a single contact (CT) to be shared by both the 
memory cells MM93 and MM91, whereby the wiring ar- 
ea as required is correspondingly reduced. 

Embodiment 7 

[0115] Another embodiment of the semiconductor 
memory device according to the invention will be de- 
scribed by reference to Figs. 22A to 22C and Fig. 23. 
With the structure of this embodiment, the read opera- 
tion can be carried out at a higher speed than the sem- 
iconductor memory device according to the sixth em- 
bodiment. 

[0116] Of these drawings, Fig. 22A shows a circuit di- 
agram of a cell set comprised of an assembly of plural 
memory cells MM51, MM52 and MM53 which are con- 
nected to the same sub-data wire D, Fig. 22B shows 
voltages applied to the memory element MM51 upon 
write and read operations, Fig. 22C graphically illus- 
trates characteristic of the memory element MM51, and 
Fig. 23 shows a structure of a semiconductor memory 
device implemented by using the cell sets each of a 
structure shown in Fig. 22A. The instant embodiment 
differs from the sixth embodiment primarily in that the 
data wire is hierachized into a main data wire MD 51 
and a sub-data wire D (see Fig. 23) in order to carry out 
read operation at a higher speed. As can be seen in Fig. 
22A, the source terminals of the memory cells MM51 , 
MM52 and MM53 are connected to the sub-data wire D, 
which in turn is connected to a preamplifier comprised 
of transistors M53 and M52 and generally denoted by 
PA51. The preamplifier PA51 has an output terminal 
connected to a main data wire MD 51 (see Fig. 23). Con- 
nected to the main data wire MD 51 are a plurality of cell 
sets each of the structure mentioned above via the re- 
spective preamplifiers. The main data wire MD 51 is 
connected to one of the input terminals of a main ampli- 
fier MA51 constituted by a differential amplifier. A col- 
umn of dummy cells is constituted by cell sets disposed 
in an array. The dummy cell (e.g. MM54) is connected 
to another main data wire MD 52 via a preamplifier 
PA52. The main data wire MD 52 in turn is connected 
to the other input terminal of the main amplifier MA51. 
The preamplifier PA52 for the dummy* cell set is so de- 
signed that the current driving capability thereof approx- 
imately corresponds to a half of that of the preamplifier 
PA51 . This can be realized, for example, by diminishing 
the channel width of the transistor to the half. 
[01 1 7] Next, description will turn to operation for read- 
ing information from a memory cell MM51. Information 
of logic "0" is written in the dummy cell MM54 previously. 



It is first assumed that information of logic "O" is stored 
in the memory cell MM51 . At first, high-level potential V r 
is applied to a gate terminal S52 of the transistor M51 
to thereby set the source terminal S51 to the ground po- 
5 tential level, whereby the sub-data wire D is set to the 
ground potential level. Further, for the selection of cell 
set, high-level potential is applied to the gate terminal 
S53 to thereby set the transistor M52 of the preamplifier 
PA51 to the conducting state (on-state). At the same 
time, the main data wires MD 51 and the MD 52 are pre- 
charged to the high potential level V r When the potential 
of the word wire W changes from a low level to a high 
level V r , the memory cell MM51 becomes conductive, 
whereby the sub-data wire D is charged from a source 
terminal P (= V r ) via the memory cell MM51. Conse- 
quently, the transistor M53 is turned on, which results in 
that the main data wire MD 51 is discharged through the 
memory cells MM52 and MM53 with the potential of the 
main data wire MD 51 being lowered. Through similar 
operation, the dummy cell MM54 connected to the same 
word wire assumes the on-state. In response, the 
preamplifier PA52 operates to cause the main data wire 
MD 52 to be discharged. Thus, the potential of the main 
data wire MD 52 is lowered. However, because the cur- 
rent driving capability of the preamplifier PA52 is poor 
as compared with that of the preamplifier PA51 , the po- 
tential of the main data wire MD 52 is lowered at a slower 
rate than that of the main data wire MD 51. Thus, there 
makes appearance between the main data wires MD 51 
and MD 52 a potential difference, which is detected by 
the main amplifier MA51 , whereby corresponding output 
information is derived from the main amplifier MA51. 
Operation for reading out logic "1" is carried out in the 
similar manner. 

[01 1 8] In the case of the instant embodiment, it is suf- 
ficient for the memory cell MM51 only to drive the sub- 
data wire D. The sub-data wire features that the parasitic 
capacitance is small, because the number of the cells 
connected to the sub-data wire is as small as in a range 
of 8 to 32 and because the length of the sub-data wire 
is short. Thus, the sub-data wire can be driven by the 
memory cell or memory element MM51 at a high speed. 
Equally, high-speed operation of the main data wire MD 
51 can be achieved because it can be driven at a high 
speed by the preamplifier PA51. 
[0119] According to the teaching of the invention in- 
carnated in the instant embodiment, the preamplifiers 
PA52 and PA51 are so implemented that they differ in 
respect to the current driving capability for the purpose 
of generating a reference voltage for the differential am- 
plifier PA51 . When compared with the sixth embodiment 
in which the current is reduced to a half by the memory 
cell per se, the instant embodiment according to which 
the current level is changed in the preamplifier consti- 
tuted by the transistors of higher rating is advantages in 
that it is less susceptible to the influence of the disper- 
sions mentioned hereinbefore. 
[0120] Parenthetically, the main amplifier MA51 can 
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be implemented by using an appropriate one of various 
circuits known in the art such as differential amplifier em- 
ployed in the device of the sixth embodiment, a current- 
mirror type differential amplifier circuit and the like. 
[01 21 J In the case of the sixth and seventh embodi- 5 
ments described above, it has been assumed that the 
memory cell is constituted by a single transistor. It 
should however be mentioned at this juncture that the 
memory cell may be implemented in other configura- 
tions such as exemplified by those shown in Figs. 24A to 
to 24E. More specifically, Fig. 24A shows a memory cell 
in which a back gate is provided in opposition to the gate 
electrode with the channel being interposed between 
the back gate and the gate electrode. This structure of 
the memory cell provides an advantage that when a plu- *5 
rality of memory cells are connected to a same back 
gate terminal, information or data contained in these 
memory cells can simultaneously be set to logic "0" by 
applying a voltage of minus polarity to the back gate. Of 
course, by applying a voltage of plus or positive polarity 20 
to the back gate, it is equally possible to write simulta- 
neously logic "1" in these memory cells. 
[0122] In this junction, the back gate terminal may be 
realized by making use of the semiconductor substrate 
itself, a potential well or the like. 25 
[0123] Fig. 24B shows a memory cell in which the ter- 
minal wire P extends in parallel with the word wire so 
that control of the memory device can be performed on 
a row-by-row basis independently. On the other hand, 
Fig. 24C shows a memory cell in which the terminal wire 30 
P extends in parallel with the data wire. Further, Fig. 24D 
shows a memory cell in which the gate of the memory 
element MM73 is connected to the data wire. In this 
case, the terminal P can be spared, which contributes 
to reduction of the area as involved in implementing the 35 
semiconductor memory device. Finally, Figs. 24E shows 
a memory cell in which the gate of the memory element 
MM 74 is connected to the word wire and which thus can 
ensure an advantage similar to that of the memory cell 
shown in Fig. 24D. 40 

Embodiment 8 

[0124] Figs. 25A to 25C and Fig. 26 show a semicon- 
ductor memory device according to an eighth embodi- *s 
ment of the invention. As can be seen in Fig. 25A, the 
memory cell of the memory device according to the in- 
stant embodiment is constituted by a circuit including a 
memory element MM21 according to the invention and 
a switching FET (field-effect transistor) M25 which are so 
connected in series. More specifically, the word wire is 
connected to the gate of the switching FET M25 so that 
the voltage applied to the memory element MM21 from 
the data wire D can be interrupted by the switching FET 
M25. Thus, necessity for applying a voltage to non-se- 55 
lected memory cells which shares the word wire or the 
data wire with the selected memory cell can be obviated. 
This in turn means that the device according to the in- 



stant embodiment is excellent over the sixth and sev- 
enth embodiments in respect to the data hold charac- 
teristic, to an advantage. 

[0125] Writing operation for the memory cell accord- 
ing to the instant embodiment is performed in a manner 
described below. First, operation involved in writing logic 
"0" will be considered. Applied to the word wire to be 
selected is a voltage of (V cc + V t ) while the potential level 
of zero volt is applied to the data wire to be selected. As 
a result, the switching FET M25 is turned on, whereby 
a node N21 assumes approximately the ground poten- 
tial level. Since the source terminal P is at a voltage level 
of V cc /2, a voltage of -V cc /2 is applied across the gate 
and the source of the memory element MM21 , whereby 
information of logic "0" is written in the memory cell (refer 
to Fig. 25C). Next, operation for writing logic "1" is con- 
sidered. Also in this case, the voltage of (V cc + V t ) is 
applied to the word wire while applying the voltage V cc 
to the data wire. Thus, the voltage V cc /2 is applied be- 
tween the gate and the source of the memory element 
MM21, whereby logic "1" is written in the memory cell 
(refer to Fig. 25C). 

[0126] The operation for reading data or information 
from the memory cell according to the instant embodi- 
ment can be carried out by the means of the similar to 
those adopted in the sixth and seventh embodiments. 
However, in connection with the instant embodiment, 
the invention teaches an arrangement which allows the 
read/write operation to be performed at a lower source 
voltage. Referring to Fig. 26, for reading out information 
from the memory cell comprised of the memory element 
M25 and the switching FET MM21, the potential level of 
the word wire W21 is changed to the source voltage lev- 
el V cc from the ground potential level, and at the same 
time the potential of the word wire WD22 of the dummy 
cell comprised of a switching FET M27 and memory el- 
ements MM25 and MM26 is changed from low level to 
high level. Succeeding operation is the same as that of 
the sixth embodiment except that after the output is 
fixed, rewriting is performed for the memory cell by a 
writing driver connected to the output of the sense am- 
plifier. By way of example, when logic "1 " is to be written 
in the memory element MM21 , the voltage V cc is applied 
to the data wire D. In that case, a voltage substantially 
equal to V^. is applied across the gate and the source 
of the memory element MM21, whereby • logic "1" can 
be written in the memory element MM21. On the other 
hand, when logic "0" is to be written, the data wire is set 
to the ground potential level. Thus, the voltage of -V cc / 
2 is applied between the gate and the source of the 
memory element MM21, whereby logic "0" is written in 
the memory cell. 

[0127] In the memory device according to the instant 
embodiment, every time the data read operation is per- 
formed, rewriting operation is carried out in succession. 
By virtue of this arrangement, inversion of the informa- 
tion or data held by the memory element MM21 from 
logic "0 m to logic "1" will present no problem so long as 
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such inversion takes place only after the potential differ- 
ence of such a magnitude which enables the read op- 
eration has occurred between the data wire D and the 
dummy data wire Dn. Thus, the read voltage V r and the 
write voltage can be set at values or levels which 
are relatively close to each other. This in turn means that 
the write voltage can be set at a low level. By way of 
concrete example, the read voltage V r may be set at 3 
volts with the write voltage V cc /2 being set at 4 volts. By 
contrast, in order to ensure positively prevention of the 
information or data inversion from occurrence in the 
read operation as described hereinbefore in conjunction 
with the seventh embodiment (see Fig. 22C), the write 
voltage V p has to be set at about three times as high as 
the read voltage V r This necessitates application of a 
high voltage for the write operation. 
[0128] Figs. 27A and 27B are circuit diagrams show- 
ing versions of the memory cell circuit according to the 
instant embodiment, respectively. The memory cell 
shown in Fig. 27A differs from the one shown in Fig. 25A 
in that a source terminal P is connected to the gate of 
the memory element MM81. On the other hand, in the 
memory cell shown in Fig. 27B, the gate of the memory 
element MM82 is controlled by a control signal C sup- 
plied externally of the memory cell. 
[0129] Figs. 28A and 28B show a circuit configuration 
and a layout of a semiconductor memory device includ- 
ing a number of memory cells each of the structure 
shown in Fig. 27A which corresponds to four bits. In 
these figures, the memory cells MM 101 to 104 are each 
constituted by the polycrystalline silicon memory ele- 
ment described hereinbefore in conjunction with the first 
embodiment. As can be seen from Fig. 28B, the word 
wires for the adjacent memory cells are constituted by 
one and the same electrode, while a contact is shared 
in common by the two adjacent memory cells and con- 
nected to the data wire. It will thus be understood that 
the area required for implementation of the memory cell 
can significantly be decreased. 

Embodiment 9 

[0130] Figs. 29A to 29C show a memory cell circuit 
and a read circuit according to a ninth embodiment of 
the invention. More specifically, Fig. 29A shows a circuit 
diagram of a memory cell according to the instant em- 
bodiment, Fig. 29B shows voltages as applied upon 
read and write operations performed for the memory 
cell, and Fig. 29C graphically illustrates characteristics 
of memory elements MM31 and MM32 employed in the 
memory cell. A feature of the memory cell according to 
the instant embodiment of the invention resides in that 
complementary information or data are written in the 
memory elements MM31 and MM32. More specifically, 
for writing logic "1", a voltage of is applied to the 
word wire W while a voltage of V e (of negative polarity) 
is applied to the data wire D, as a result of which a 
switching FET M33 is turned on, whereby the potential 



of the data wire D is applied to a node N31 which thus 
assumes the potential level V e . Since the voltage V e is 
applied between the gate and the source of the memory 
element MM32, the latter is set to a low threshold state. 

5 In contrast, a voltage of (V cc - V e ) is applied between 
the gate and the source of the memory element MM31 , 
which thus assumes a high threshold state. For writing 
logic "0" in the memory cell, the data wire D is set to the 
write voltage level V p . As a result of this, the memory 

10 element MM31 assumes the low threshold state with the 
memory element MM32 in the high threshold state. In 
succession to the write operation, the potential level of 
the data wire is set to V cc /2, which results in application 
of voltage of about V cc /2 between the gates and the 

*5 sources of the memory elements MM31 and MM32, re- 
spectively. In the logic "1" state, the data wire D tends 
to discharge, while in the state of logic w 0", the data wire 
D is charged. This trend or state is detected by the dif- 
ferential amplifier for reading the data or information, as 

20 can be seen in Fig. 30. 

[01 31] In the memory cell according to the instant em- 
bodiment of the invention, the potential level of the data 
wire lowers or rises in dependence on whether the in- 
formation or data of the memory cell to be read out is 

25 logic "1 n or "0 W . Accordingly, it is possible to apply directly 
the reference voltage (V cc /2) to one of input terminals of 
the differential amplifier. For this reason, no dummy cell 
is required, to an advantage. In this conjunction, it 
should be recalled that in the case of the circuit config- 

30 urations according to the embodiments described here- 
inbefore, the dummy cells have to be provided because 
it is indefinite whether the potential level of the data wire 
is maintained or lowered in dependence on whether the 
memory cell data is logic "1" or "0*. 

35 

Embodiment 10 

[0132] Description will now turn to a memory cell cir- 
cuit according to a further embodiment of the invention 

40 by reference to Figs. 31 A to 31 C, in which Fig. 31 A 
shows a memory cell circuit for a single bit according to 
the instant embodiment of the invention, Fig. 31 B shows 
voltages for read and write operations, respectively, and 
Fig. 31 C graphically illustrates characteristics of the 

45 memory elements MM41 and MM42. In the memory cell 
according to the instant embodiment, such arrangement 
is adopted that a pair of memory cells each of the struc- 
ture shown in Fig. 27A can be selected by means of one 
and the same word wire. To this end, memory elements 

50 MM41 and MM42 are adapted to store information or 
data which are complementary to each other. Namely, 
when the memory element MM41 is set to a low thresh- 
old state, the memory element MM42 is set to a high 
threshold state, and vice versa. Consequently, when the 

55 word wire is set to a high potential level after the write 
operation, there makes appearance between the data 
wires D and Dn a potential difference reflecting a differ- 
ence in the current driving capability between the mem- 
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